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ABSTRACT:  Colombian  industrial  coal  by-products  were  evaluated  as  raw  materials  in  laboratory-scale  synthesis  of 
faujasite-type low-SiO2 zeolite of using an alkaline fusion step followed by hydrothermal treatment under various experimental 
conditions. By fusion with NaOH followed by hydrothermal reaction, coal by-products were converted into faujasite-type 
zeolite. The process of faujasite formation is discussed.
KEYWORDS: coal by-products, synthesis, zeolitic materials, hydrothermal, fusion
RESUMEN: Subproductos de carbón industrial colombiano fueron evaluados como materias primas para la síntesis a 
escala de laboratorio de zeolita baja en SiO2 de tipo faujasita usando una etapa de fusión alcalina seguida por el tratamiento 
hidrotérmico en diferentes condiciones experimentales. La fusión con NaOH seguida de la reacción hidrotérmica promovió la 
conversión de los sub-productos de carbón en zeolita de tipo faujasita. El proceso de formación de faujasita se discute.
PALABRAS CLAVE: sub-productos de carbón, síntesis, materiales zeolíticos, hidrotermal, fusión
1.  INTRODUCTION
Annually, coal industry worldwide produces millions 
of metric tons of by-products. However, only small 
portions of these materials are used beneficially, being 
landfilled as solid wastes. Furthermore, the amount of 
discharged material is expected to increase dramatically 
in the future. Due to increasing landfill costs, stricter 
environmental regulations, and the current interest 
in sustainable development, the effective recycling 
of industrial wastes for the production of products of 
greater value to mitigate the depletion of resources 
and environmental impact has become an increasing 
concern. The major application of solid wastes is for 
manufacturing of construction materials, where it can 
provide both technological and economic benefits. 
Therefore, zeolite synthesis from coal by-products 
like natural clinker (NC) and fly ash (FA) by several 
methods has been receiving a lot of attention. Since 
the pioneering works of Höller and Barth-Wirsching 
[1] and Ríos et al. [2] who were the first researchers 
that synthesized zeolites from FA and NC, respectively, 
much investigation has been conducted to convert 
these coal by-products to zeolites. The conversion of 
coal by-products into zeolites can be conventionally 
developed by hydrothermal crystallization under 
alkaline conditions, which has been reported by 
different authors [1–16]. Recently, the conventional 
alkaline conversion of these materials has been 
improved by using more sophisticated treatments [17–
23]. The synthesis of zeolites from coal by-products 
in forms suitable for industrial applications is of great 
importance, mainly as ion exchangers, molecular Oviedo et al 106
sieves, adsorbents, and catalysts. The resultant zeolitic 
materials have great potential to be developed as high-
efficiency low-cost adsorbents with applications in 
environmental problems [24–27]. Zeolitic materials 
are highly selective scavengers of a variety of heavy 
metals that can be removed from liquid effluents 
through the process of ion exchange. In this paper, 
we investigate the synthesis of zeolites from coal by-
products on a laboratory scale via the dissolution of 
alkali-fused aluminosilicate salts in water followed 
by hydrothermal treatment. Several parameters were 
selected: the alkaline activator/coal by-product ratio 
for a fusion of 1.2, fusion temperature and time 600 
ºC and 1 h, respectively, the H2O/alkali fused coal by-
product ratio = 5 mL/g. The variables were: reaction 
time (6, 12, 24, 48, 72, and 96 h), and temperature (65, 
80, and 95 °C).   
2.  EXPERIMENTAL PROCEDURE
2.1.  Materials
The starting materials used for the synthesis of 
faujasite-type low-SiO2 zeolite was supplied as follows: 
FA by the Termozipa Power Station, Cundinamarca 
(Colombia) and NC associated with the spontaneous 
combustion of coal seams from the late Paleocene 
Cerrejón Formation, which was collected from an 
open pit of the Cerrejón coal mining site, situated in 
La Guajira State (Colombia). They were prepared 
prior to synthesis, using the following steps: rough 
crushing with a Retsch Jaw Crusher BB 200 to ~ 2mm, 
milling with a Retsch RM100 mortar grinder mill to 
clay particle size and sieving with a 200 mesh Ro-Tap 
sieve shaker; 63 μm particles were selected for zeolite 
synthesis. The reagents used to activate these coal by-
products were sodium hydroxide, NaOH, as pellets 
(99%, from Aldrich Chemical Company, Inc.), and 
distilled water using standard purification methods.  
2.2.  Zeolite synthesis
The synthesis of faujasite-type zeolite was investigated 
by using an alkaline fusion step prior to hydrothermal 
treatment. Optimal conditions for the synthesis of 
zeolites from coal by-products with a maximum value 
of cation exchange capacity are a coal by-product/
alkaline activator ratio of 1:1.2 [17–18]. Therefore, 
alkali hydroxide powder was dry mixed with the coal 
by-product with this ratio for 30 min and the resultant 
mixture was calcined at 600 °C for 1 h [18]. The 
alkaline reagent added to the starting material acts as an 
activator agent during fusion. The alkali-fused products 
were then dissolved in water (H2O/alkali fused starting 
material ratio = 5 mL/g), generally under stirring 
conditions until the reaction gels were homogenized 
aged for 24 h under static conditions. The mixtures were 
transferred into polytetrafluoroethylene (PTFE) bottles 
of 65 ml and then crystallized under static conditions 
at 65, 80, and 95 °C for 6, 12, 24, 48, 72, and 96 h.  
2.3. Characterization
The mineral phases in the raw materials and as-
synthesized products were studied by X-ray diffraction 
using a RIGAKU D/MAX IIIB diffractometer 
operating in Bragg-Brentano geometry with Cu-α1 
radiation (l = 1.5406 Å) at 40 kV and 20 mA and 
graphite monochromation. The scan parameters were 
step size 0.02°, dwell time 12 sec, and 2θ range 2–70°. 
Phase identification was performed by the Hanawalt 
method using the crystallographic database Powder 
Diffraction File (PDF-2) from the International Centre 
for Diffraction Data (ICDD). Full-pattern Rietveld 
refinement using the RIQAS 3.1 program (MDI Inc.) 
was performed to quantify the amounts of phases 
in NC and as-synthesized products. The chemical 
composition of the raw materials was investigated by 
X-ray fluorescence in a Shimazu EDX 800 HS XRF 
spectrometer. The quantification of the elements was 
carried out using the method of fundamental parameters 
(FP) with the software DXP-700E Version 1.00 Rel. 
014. The morphology of the raw materials and as-
synthesized zeolites was examined by environmental 
scanning electron microscopy (FEI Quanta 200), under 
the following analytical conditions: magnification = 
100–6000x, WD = 7.0 mm, HV = 8.4 kV, spot = 3.0, 
signal = SE, detector = LFD.
3.  RESULTS AND DISCUSSION
3.1. Chemical and mineralogical analyses of raw 
materials
Chemical composition has an important influence 
both on the potential application of raw materials and 
on the environmental impact of its subsequent use. 
Industrial coal by-products do not exhibit hazardous Dyna 176, 2012 107
characteristics, although specially-designed landfills 
are required to prevent the possible leaching of trace 
elements which affect water sources from them. The 
chemical composition of raw materials used in this 
study is presented in Table 1. 
Table 1. Chemical composition of the raw materials
The SiO2/Al2O3 ratio is an important parameter for 
zeolite synthesis. Both NC and FA present appropriate 
SiO2/Al2O3 ratios to be used as starting materials for the 
synthesis of low-Si zeolitic materials with a high cation 
exchange capacity. SiO2/Al2O3 ratios are important 
for predicting the success in the process of zeolite 
synthesis, although it is also important to consider the 
occurrence of impurities in the starting material [28].
According to Ríos and co-workers [2,27–29], the chemical 
composition of the raw NC displays variations of up to 
15 wt% among its major oxides (SiO2, Al2O3, K2O, and 
CaO), which probably reflects local heterogeneity related 
to small changes in the original sedimentary rock. NC has 
very high contents of SiO2 (68.15%) and Al2O3 (19.44%) 
with a SiO2/Al2O3 ratio = 3.5.  NC shows very low contents 
of Ca and S, and a high content of Fe associated with the 
presence of hematite, which is very important taking into 
account that Fe-bearing minerals, mainly magnetite, can 
show an inert behaviour and Ca-bearing phases can act 
as a zeolite synthesis inhibitor through the formation of 
calcium silicate hydrate phases [9]. Raw FA has ³70% 
of SiO2+Al2O3+Fe2O3, with a SiO2/Al2O3 ratio = 2.3, and 
very low contents of major impurities, such as Fe, Ca, 
and S. Therefore, it can be classified as a low-calcium 
Class F FA. According to Vassilev and Vassileva [30], it 
is commonly produced from the burning of higher-rank 
bituminous coals and anthracites and, therefore, this type 
of FA is pozzolanic in nature (hardening when reacted with 
Ca(OH)2 and water). It can be also classified as a Sialic FA 
type [30]. The properties and chemical composition of FA 
vary according to coal source and power plant operation, 
which makes FAZs even more versatile. 
A quantitative analysis was useful to accurately determine 
the proportion of each phase and to simultaneously express 
the particular characteristics of each phase, such as the 
crystalline system, space group, and cell constants [31]. 
Table 2 summarizes the best structural models used for 
refinement the X-ray diffraction (XRD) profiles of the 
raw materials. Models were selected in the qualitative 
analysis by using the PDF-2 of the International Centre 
for Diffraction Data (ICDD), as well as crystalline system, 
space group, atomic positions, and cell constants.
Table 3 shows the crystallographic data and the 
quantitative analysis of the phases obtained according to 
the models used in the refinement of the raw materials.
Table 2. Crystallographic data of the models used in the 
refinement of the raw materials
Table 3. Refinement data of the raw materials 
Figure 1 illustrates the refinement for the starting 
materials. In black, the experimental XRD pattern; 
in red, the calculated XRD pattern; in green, the 
amorphous phase.
Figure 1. Refined XRD patterns of (a) natural clinker and 
(b) fly ash
3.1.1.  Refinement of natural clinker
Rietveld refinement was done by changing 52 parameters: 
scale factors, cell constants (a,b,c), background noise Oviedo et al 108
parameters, and the resolution of middle wide parameters 
(U,V,W). Residual values obtained after the refinement of 
the crystallographic phases were: RWP = 18.66% and RP = 
7.47%, revealing that the data obtained during the measure 
of the pattern are favorable, RB = 3.36–11.67%, showing 
that the selected models for each phase are appropriate with 
regards to the space group, cell parameters, and atomic 
positions. The goodness-of-fit obtained after refinement 
is 2.00, indicating a good accuracy of the adjustment. The 
quantitative analysis of phases in the natural clinker reveals 
a high content of amorphous material, 46%; quartz (SiO2), 
25.4%; microcline (KAlSi3O8), 14.2%; Ca-montmorillonite 
(Ca2Al4Si8O24 ), 11.1%; and minor hematite (Fe2O3), 3.3%. 
Figure 1a illustrates the refinement for NC. The difference 
between the experimental and calculated XRD patterns is 
shown in the bottom, showing good correlation.
3.1.2.  Refinement of fly ash
Rietveld refinement was done as before by changing 
41 parameters. The residual values obtained after the 
refinement of the crystallographic phases were: RWP = 
16.11%, RP = 10.76%, RB = 5.50 –13.64%, showing 
that the models selected for each phase are appropriate 
respect to space group, cell parameters, and atomic 
positions. The goodness-of-fit obtained after refinement 
is 1.39, indicating good accuracy for the adjustment. 
The quantitative analysis of phases in the fly ash reveals 
a high content of amorphous material, 71%; mullite 
(Al1.83Si1.08O4.85), 15.8%; quartz (SiO2), 11.6%; minor 
magnetite (Fe3O4), 0.9%; and hematite (Fe2O3), 0.6%. 
Figure 1b illustrates the refinement for FA. The difference 
between the experimental and calculated XRD patterns is 
shown on the bottom, showing good correlation.
The SEM image (Fig. 2) reveals that NC displays 
a blocky morphology, while the particles of FA are 
predominantly spherical in shape with a relatively 
smooth surface texture.
Figure 2. SEM images of (a) natural clinker and (b) fly ash
In Fig. 3, the infrared spectra Fourier Transformed for 
the raw materials are illustrated. The vibration bands 
at 1641 and 1635 cm-1 show the presence of water in 
the raw materials (H2O deformation mode). Moreover, 
there are vibration bands, which are characteristic of 
aluminosilicates. The bands at 1032 and 1094 cm-1 
are attributed to asymmetric stretching vibrations T-O 
(T = Si or Al); the bands at 700, 782, and 790 cm-1 
are attributed to symmetric stretching vibrations T-O. 
These vibration bands can be due to the presence of 
quartz in natural clinker. The bands at 540 and 489 
cm-1 can be attributed to octahedral aluminium in 
natural clinker and fly ash, respectively, and are due 
to octahedral aluminium [28].
Figure 3. FTIR spectra for (a) natural clinker and (b) fly ash
3.2.  Faujasite-type low-SiO2 zeolite 
The main as-synthesized zeolite obtained by the alkaline 
fusion followed by hydrothermal reaction method 
include: faujasite, sodalite, phillipsite, and chabazite. 
The synthesis of faujasite was investigated by the 
evaluation of some parameters affecting their formation 
process, such as the mineralogical composition of the 
starting material, reaction temperature, and time.
3.2.1.  Synthesis of faujasite-type zeolite from 
natural clinker
Figure 4 shows the effect of reaction temperature and 
time after carrying out the fusion of natural clinker with 
NaOH followed by hydrothermal treatment. Faujasite 
was the main crystalline phase obtained, with phillipsite 
as a secondary phase. Figure 4a illustrates XRD 
profiles of the synthesis products obtained at 65 ºC. 
After 12 h of reaction, natural clinker does not show an 
effective transformation. After 24 h of reaction, several 
characteristic peaks of faujasite start to appear at 2θ of 
6.093, 9.986, 15.40, and 26.66, which progressively 
increase in intensity after 48 h of reaction, with the 
appearance of weak peaks of phillipsite at 2θ of 12.41, 
17.69, and 28.07. Figure 4b illustrates the XRD profiles Dyna 176, 2012 109
of the synthesis products obtained at 80 ºC.  After 12 
h of reaction, only faujasite appeared in the synthesis 
product. After 24 h of reaction, phillipsite appeared 
accompanying faujasite. With reaction time, faujasite 
shows an increase in intensity whereas phillipsite 
progressively decrease. At 95 ºC, both faujasite and 
phillipsite appear in the synthesis products. 
Figure 4. XRD patterns of as-synthesized products from 
natural clinker
3.2.2.  Synthesis of faujasite-type zeolite from fly ash
Figure 5 shows the effect of reaction temperature 
and time after carrying out the fusion of fly ash with 
NaOH followed by hydrothermal treatment. Results 
reveal that the use of fly ash as starting material in the 
synthesis of zeolites was not very effective compared 
with those obtained using natural clinker. After 72 h 
of reaction, faujasite with low intensity peaks formed. 
After 96 h of reaction, faujasite with minor chabazite 
coexist.  At 80 and 95 ºC, a mixture of several zeolitic 
products such as faujasite, with minor chabazite and 
sodalite was obtained. At 80 ºC with reaction time, 
the amount of faujasite and sodalite increases, with 
chabazite formation at 72 h of reaction time. At 95 ºC 
the characteristic peaks of faujasite reach the maximum 
intensity after 48 h, and then decrease. The amount of 
sodalite initially formed after 6 h of reaction decreases 
up to 48 h and then increases.
Figure 5. XRD patterns of as-synthesized products from 
fly ash
According to these results, the optimum experimental 
conditions for the synthesis of faujasite-type zeolite 
using the alkaline fusion method were: at 80 ºC after Oviedo et al 110
12 h using natural clinker (FAU-1) and at 65 ºC after 
96 h using fly ash (FAU-2) as starting materials. XRD 
profiles of the as-synthesized faujasite obtained at these 
experimental conditions and that for a commercial 
faujasite are shown in Fig. 6. 
From the optimum experimental conditions, the one 
corresponding to the natural clinker-based faujasite was 
selected as the best result obtained in this study, taking 
into account the absence of additional crystalline phases 
and the short reaction time. Therefore, these conditions 
were used to discuss the formation process of faujasite.
Figure 6. XRD patterns for (a) natural clinker-based, (b) 
fly ash-based, and (c) commercial faujasite
3.2.3. Fourier transformed infrared spectroscopy 
(FTIR)
The best synthesis products were also characterized 
by Fourier transformed infrared spectroscopy in order 
to obtain additional information on the crystalline 
structure of the as-synthesized faujasite.  FTIR spectra 
of the selected synthesis products are illustrated in 
Fig. 7.
Figure 7. FTIR spectra for (a) natural clinker-based 
faujasite at 80 ºC for 12 h and (b) fly ash-based faujasite at 
95 ºC for 96 h
The vibration bands at 1647 and 1648 cm-1 show that 
complete dehydration was not obtained in the synthesis 
products (H2O deformation mode). The vibration bands 
at 993 and 996 cm-1 are attributed to the asymmetric 
stretching vibrations T-O (T = Si or Al). The vibration bands 
at 676 and 672 cm-1 are attributed to symmetric stretching 
vibrations T-O. The vibration bands at 566 and 558 cm-1 are 
due to D6R secondary structures in faujasite. 
3.2.4.  Scanning Electron Microscopy (SEM)
Figure 8 illustrates some SEM images of representative 
zeolitic products obtained in this study. In general, 
faujasite shows an octahedral morphology and 
sometimes penetration twinning. However, it is 
common to observe agglomerates of particles of 
faujasite-type zeolite with irregular morphology, 
sometimes accompanied by spheroidal aggregates of 
disk-shape sodalite. 
Figure 8. SEM images of the as-synthesized faujasite 
from (a-b) natural clinker and (c-d) fly ash
3.3.  Reaction mechanism during faujasite-type 
zeolite synthesis
The reaction mechanisms of zeolite synthesis from coal 
by-products by alkaline fusion prior to hydrothermal 
reaction is discussed here and can be divided into a 
number of steps which are discussed along with Fig. 
9. The chemistry of the evolution of the system is very 
complex due to several factors, such as: the formation 
of intermediate metastable phases, the occurrence of 
simultaneous reactions such as the precipitation and Dyna 176, 2012 111
dissolution of a gel phase, nucleation and growth of 
zeolitic phases of poor crystallinity, the dissolution of 
the early metastable phases, and the nucleation (and 
growth) of more stable phases. However, the reaction 
history of zeolite synthesis can be summarized as 
follows: As mentioned above, the optimum experimental 
conditions during the synthesis of faujasite-type zeolite 
were a reaction temperature and time of 80 ºC and 12 
h, respectively, during hydrothermal treatment using 
natural clinker as the starting material. The steps to 
evaluate are: fusion of the starting material with NaOH, 
the preparation of the reaction gel, and a hydrothermal 
reaction at 80 ºC for 12 h. 
Finally, we discuss several chemical reactions that 
can be involved in the synthesis of faujasite from 
natural clinker using the alkaline fusion step prior to 
the hydrothermal treatment. Figure 10 illustrates the 
faujasite forming reactions.
Figure 9. XRD patterns of the (a) fusion product between 
natural clinker and NaOH, (b) aged reaction gel and solid 
in the filtrate, and (c) faujasite synthesized from natural 
clinker at 80 ºC for 12 h and the solid in the filtrate
Figure 10. Faujasite-forming reactions [32]
3.3.1.  Alkaline fusion 
During the alkaline fusion step, a solid-state reaction 
between the alkaline activator (NaOH) and the 
crystalline phases of natural clinker occurred. As a 
result, most of the natural clinker particles can be 
converted into sodium silicate and aluminate salts at 
the fusion temperature (600 °C). This is summarized 
in reaction (1). Newly-formed compounds dissolved 
in water more readily than the mineral phases 
(quartz, hematite, microcline, and montmorillonite) 
in the starting material, which have a low velocity of 
dissolution with the occurrence of some of them as 
relict phases in the synthesis products.The main phases 
formed after fusion correspond to silicates (Fig. 10a) 
with minor amounts of other phases. These silicates 
along with AlOH3 are the precursors for the synthesis 
of faujasite. Sodium silicate formed after fusion can be 
easily dissolved in H2O.
The quantitative analysis of the fusion product shows 
that it is composed of amorphous material, 50.1%; and 
crystalline phases, such as sodium silicate, Na2SiO3, 
11.1%; nordstrandite, Al(OH)3, 3.9%; akermanite, 
Ca2Mg(Si2O7), 7.1%; ferroan diopside, Ca(Mg82Fe18)
(Si2O6), 12.9%; magnesium and sodium silicate, 
Na2Mg(SiO4), 12.4%; and dolomite CaMg(CO3)2, 
2.4%.Oviedo et al 112
3.3.2.  Preparation of the reaction gel 
An H2O/alkaline fused material ratio of 5 mL/g was 
used for the preparation of the hydrogel, which was 
kept mixing under magnetic stirring for 1 h. Then, it 
was aged for 24 h under static conditions. Aging was 
carried out to decrease the reaction time for faujasite 
synthesis. In the preparation step for the reaction gel 
and aging, Al(OH)3 formed during the fusion step 
reaction with NaOH to form sodium aluminate, which 
reacts with silicates to produce the reaction gel, as 
summarized in reaction (2). During this step, the solid 
was separated from the filtrate by filtration. The solid 
is composed of thermonatrite (Na2CO3.H2O) and 
amorphous material. The filtrate is mainly composed 
of sodium silicate with minor thermonatrite (Fig. 10b). 
Results reveal that sodium silicate formed during the 
fusion stage is dissolved and therefore it is found in 
the liquid phase. For the formation of faujasite in the 
hydrothermal reaction, the requested aluminum is 
supplied by Al(OH)3 formed during the fusion stage, 
being in the amorphous material that forms part of the 
solid phase. 
The quantitative analysis of the reaction gel reveals that 
it is manly composed of thermonatrite (Na2CO3.H2O), 
15.5%. The amount of amorphous material was 84.5%.
3.3.3.  Hydrothermal treatment
During the synthesis of faujasite, the following events 
occur: an induction period, nucleation, and crystal 
growth [32]. The induction period is the time between 
the beginning of the reaction and the moment when the 
crystalline product is detected. Therefore, it starts in the 
preparation of the reaction gel (t = 0) and finishes when 
the zeolitic product is detected by XRD. The induction 
time is followed by the processes of nucleation and 
crystal growth. The dissolution of sodium silicate 
released ionic species which were transported to the 
nucleation sites. As the condensation of aluminate 
and silicate ions took place, the precipitation of an 
aluminosilicate gel occurs. Nucleation is the phase 
transition by which a critical volume of a semi-ordered 
gel is transformed in a structure sufficiently ordered 
to form a growth center from which the crystalline 
structure can propagate. A polymerization should be 
the process that forms the zeolitic precursors, which 
contains tetrahedra of Si and Al randomly distributed 
along the polymeric chains that are cross-linked so as 
to provide cavities sufficiently large to accommodate 
the charge-balancing alkali ions. The formation of 
different nucleation sites occurred and, following 
the Ostwald rule, larger crystallites (usually with 
lower surface free energy contribution and more 
stable) destabilized smaller coexisting crystals of 
the same phase, decreasing crystal size distribution 
and promoting the growth of progressively zeolite 
crystals. Crystallization generally involved the assimilation 
of material from the solution by a growth process, which 
began when the nuclei reached a critical size and the 
crystals started to grow. Crystal growth occurs during 
the hydrothermal reaction. A stable phase reached 
the required equilibrium conditions to promote the 
crystal growth of the faujasite-type zeolite. The lineal 
growth rates of zeolites show a strong dependence on 
temperature. However, these rates are also influenced 
by several variables, particularly the molar composition 
of the reaction gel. In the case of faujasite, the growth 
rate decreases when the content of the SiO2 of the 
product increases.
The hydrothermal treatment of the reaction gel at the 
schedule temperature and time of reaction produced 
the crystallization of faujasite. Taking into account 
that the starting material presents Na and other metals 
such as Ca and Mg, which form part of the silicates 
formed during the fusion step, they can be part of the 
as-synthesized faujasite structure. On the other hand, 
as mentioned above, the synthesis was carried out 
with raw materials with large amounts of amorphous 
material, which still remains in the final product, and 
therefore it is difficult to establish the stechiometry of 
the reaction occurred at this step. On the other hand, 
the chemical composition and Si/Al ratio of the as-
synthesized faujasite are not known. However, we 
proposed reaction (3) to explain the transformation of 
the reaction gel into faujasite.
Figure 10c illustrates the occurrence of faujasite 
(FAU-1) with amorphous material. Sodium silicate still 
remains in the filtrate. Therefore, it is very important Dyna 176, 2012 113
to do the variation of the Si/Al ratio of the starting 
material, taking into account that it would increase the 
growth rates of faujasite with the benefit of obtaining 
residual silicate. 
By this method, both crystalline and amorphous 
materials in natural clinker were converted into soluble 
compounds that promote the formation of faujasite 
and avoid the presence of relict crystalline phases of 
the starting materials in the as-synthesized products.
4.  CONCLUSIONS
The conversion of coal by-products into zeolites both 
contributes to the mitigation of environmental problems 
and turns this by-product of the coal industry into an 
attractive and useful material. Zeolitic materials were 
successfully synthesized via hydrothermal treatment 
and alkaline fusion followed by hydrothermal reaction 
using both NC and FA as starting materials and NaOH 
as an alkaline activator. In some cases, zeolite formation 
was assessed to be fairly unsuccessful, taking into 
account that the synthesis products contain a substantial 
percentage of hydroxysodalite, with some quartz and 
mullite also present, while only a very small fraction 
of a desired zeolitic phase can be observed. Several 
types of zeolitic material can be obtained according 
to experimental conditions. Our experimental data 
suggest that coal by-products could be converted into 
a beneficial product, which could be used in the future 
as ion exchangers. Therefore, it is necessary to develop 
further experiments under well-optimized conditions 
to successfully prepare highly-crystalline zeolites. 
The efficiency in the conversion of coal by-products 
can be affected by the contents of non-reactive phases 
(mainly mullite and quartz) or glass as well as its grain 
size distribution. Preliminary results reveal that the 
production of crystalline faujasite-type zeolite as the 
main component and other minor phases, can show 
adsorbent and ion-exchange properties with a wide 
spectrum of applications.
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